Na+-Ca2`exchange has been shown to contribute to reperfusion-and reoxygenation-induced cellular Ca2+ loading and damage in the heart. Despite the fact that both [Na+I, and [Ca2"]; have been documented to rise during ischemia and hypoxia, it remains unclear whether the rise in [Ca2`] i occurring during hypoxia is linked to the rise in [Na+Jl via Na+-Ca2' exchange before reoxygenation and how this relates to cellular injury. Single electrically stimulated (0.2 Hz) adult rat cardiac myocytes loaded with Na+-sensitive benzofuran isophthalate (SBFI), the new fluorescent probe, were exposed to glucose-free hypoxia (Po2<0.02 mm Hg), and SBFI fluorescence was monitored to index changes in [Na+]i. Parallel experiments were performed with indo-l-loaded cells to index [Ca21]1. The SBFI fluorescence ratio (excitation, 350/380 nm) rose significantly during hypoxia after the onset of ATP-depletion contracture, consistent with a rise in [Na+];. At reoxygenation, the ratio fell rapidly toward baseline levels. The indo-1 fluorescence ratio (emission, 410/490 nm) also rose only after the onset of rigor contracture and then often showed a secondary rise early after reoxygenation at a time when [Na+]; fell. The increase in both [Na+]; and [Ca2]1i, seen during hypoxia, could be markedly reduced by performing experiments in Na+-free buffer. These experiments suggested that hypoxic Ca21 loading is linked to a rise in Na+; via Na+-Ca21 exchange. To show that Na+-Ca2' exchange activity was not fully inhibited by profound intracellular ATP depletion, cells were exposed to cyanide, and then buffer Na+ was abruptly removed after contracture occurred. The sudden removal of buffer Na+ would be expected to stimulate cell Ca2' entry via Na+-Ca2+ exchange. A large rapid rise in the indo-1 fluorescence ratio ensued, which was consistent with abrupt cell Ca21 loading via the exchanger. The effect of reducing hypoxic buffer [Na+] on cell morphology after reoxygenation was examined. Ninety-five percent of cells studied in a normal Na+-containing buffer (144 mM NaCI, n=38) and reoxygenated 30 minutes after the onset of hypoxic rigor underwent hypercontracture. Only 12% of cells studied in Na+-free buffer (144 mM choline chloride, n=17) hypercontracted at reoxygenation (p<0.05). Myocytes were also exposed to hypoxia in the presence of R 56865, a compound that blocks noninactivating components of the Na+ current. R 56865 blunted the rise in [Na+]; typically seen after the onset of rigor, suggesting that Na+ entry may occur, in part, through voltage-gated Na+ channels. These experiments provide evidence that [Na+] 
Materials and Methods
Cardiac Myocyte Isolation Single cardiac myocytes were isolated from the ventricle of 2-3-month-old rats according to a modification of a technique previously described.19 Briefly, the heart was retrogradely perfused with a low-Ca 2+ collagenasecontaining bicarbonate buffer (37°C, pH 7.2), and the perfusion was terminated when the tissue became soft (20-30 minutes 
Measurement of Cell Fluorescence
The optical system used for cellular studies was a modified Zeiss IM-35 inverted microscope and has been described previously.21 The To try to explain the disparity between the in vitro (free acid in solution) and in vivo (cells loaded by exposure to SBFI AM) calibrations, we examined the excitation spectra of both the free-acid and AM-loaded cell suspensions in a spectrofluorometer. FIGURE 2. Overlap of excitation spectra, normalized to peak height, for sodium-binding benzofuran isophthalate free acid (SBFI) at 144 mM Na+ and cells loaded with SBFIAM and equilibrated with 144 mM Na4 by use of gramicidin.
an overlap of two spectra (excitation wavelength, 300-450 nm; emission wavelength, 500 nm), which have been normalized to peak height. The free-acid spectra are obtained in the presence of 144 mM Na+. Cells were also equilibrated with 144 mM Na4 by use of gramicidin. The spectrum for the cells showed a much more gradual fall in fluorescence at higher excitation wavelengths when compared with the free acid, consistent with the lower ratios (350 nm/380 nm) observed in myocytes. When cells were lysed with 25 ,uM digitonin, which releases all cellular dye into solution,2' there was no change in the spectra, suggesting that the observed spectral shifts were not due to changes in SBFI fluorescence because of its intracellular location. The data were more consistent with the notion that there was very significant incomplete deesterification of the ester form of SBFI within cells, because the peak fluorescence of SBFI AM occurs at 400 nm (data not shown) and would be expected to cause the observed differences in spectra between cells and SBFI solutions.
Changes in intracellular pH and [Ca>2] occur during exposure to hypoxia and could potentially affect the spectral properties of SBFI. The effects of varying pH on the excitation spectrum of SBFI free acid are shown in the two left panels of Figure 3 . SBFI (10 ,uM) was added to HEPES-based buffer containing 10 Figure 3 . Spectra were obtained in buffer containing 0 or 100 ,uM Ca`. The spectra were identical at both [Ca2"Is when [Na+] was 10 or 144 mM. Neither changes in pH nor in Ca> would therefore be expected to significantly alter the fluorescence properties of the probe in the hypoxia protocols.
Four cells were loaded with SBFI and exposed to conditions expected to cause a profound increase in
[Na+]i. Figure 4 is a tracing from one cell in which Ca> and K' were simultaneously omitted from the control buffer. Abruptly lowering buffer Ca>2 (1 mM EGTA) would be expected to stimulate intracellular Na+ entry via Na4-Ca2 exchange. The omission of K' would inhibit the NaX,K+-ATPase, a major route of Na+ extrusion in cells. The SBFI fluorescence ratio reached levels as high as Rma,, after 20-40 minutes of exposure.
The rise in [Na4]i could be reversed, in part, by the readmission of buffer K', which reactivated the NaX,K+-ATPase. These data establish the use of SBFI as a probe of [Na4]i.
Statistical Analysis
Differences in fluorescence ratios were compared using a two-tailed unpaired Student's t test. Differences in survival data were compared using a X 2analysis. Values of p<0.05 were considered statistically significant.
Results
The present studies were designed to test the hypothesis that intracellular Na4 loading occurs during hypoxia and leads to Ca>2 loading by Na4-Ca' exchange, ultimately resulting in cellular destruction. In all protocols, cells were exposed to glucose-free hypoxia and reoxygenated 30 minutes after the development of rigor contracture. This time was selected based on our prior studies, which indicated that the likelihood of cellular recovery at reoxygenation would be roughly 15-20%. 10 Studies were performed in the presence of control HEPES-based buffer containing 144 mM NaCl or in a buffer in which Na4 was fully replaced by choline. Three groups of cells were studied.
The In the third group of cells, cellular morphology was observed in fields of non-dye-loaded cells exposed to hypoxia and reoxygenation to test whether superfusion with 0 Na+ buffer could reduce the incidence of reoxygenation cell hypercontracture. The effects of prolonged hypoxia on contraction, morphology, and survival of individual cardiac cells are well described.10,20,23 Myocytes exposed to profound hypoxia continue to contract until they exhaust their stores of anaerobic substrates. Once ATP levels become profoundly depressed, there is failure of the action potential and cessation of contraction. This is followed within 3-5 minutes by rigor shortening to lengths roughly two thirds that of control. The development of rigor contracture has been demonstrated to result from profound intracellular ATP depletion that occurs as intracellular glycogen stores are depleted.24 Cells that are reoxygenated rapidly after undergoing rigor contracture invariably demonstrate partial relengthening and preservation of sarcomere pattern and resume contraction in response to electrical stimulation. Cells that are reoxygenated after longer periods following rigor contracture (>30 minutes) typically experience hypercontracture with further severe shortening and loss of sarcomere pattern and blebbing. Often these cells lose sarcolemmal integrity and fail to exclude trypan blue. We have found that there is no correlation between the length of time from hypoxia onset to ATP-depletion contracture and cell recovery at reoxygenation but that the probability of recovery at reoxygenation decreases with the time of hypoxia after rigor onset.
A field of electrically stimulated cells (n=1-5) was chosen for observation and videotaped. After rigor contracture, hypoxia was continued for a second period. All cells in a given field were reoxygenated after the same total hypoxic period, resulting in a distribution of postrigor hypoxic times for the cells studied between 30 and 40 minutes. At reoxygenation, cells either partially relengthened, retaining their rectangular shape, sarcomere pattern, and response to electrical stimulation (recovery), or hypercontracted to a rounded blebbed form with absent sarcomere pattern and disordered myofibrils (hypercontracture). The latter did not respond to electrical stimulation. Cells in this protocol were similarly studied in either 144 mM NaCl (n=38) or 0 mM (n= 17), 10 mM (n= 12), or 30 mM NaCl (n= 11) containing HEPES-based buffers in which Na+ was replaced with choline.
A separate group of cells, loaded with SBFI, was exposed to hypoxia in the presence of R 56865 (gift of Janssen Pharmaceutica Inc., Piscataway, N.J.), a new compound that inhibits Na+ channels when cells are continuously depolarized or when inactivation of the channel is impaired.25 This was done to explore one possible route of Na+ entry during hypoxia, namely the voltage-gated Na+ channel.
SBFI Fluorescence Ratio During Hypoxia
Cells were loaded with SBFI and exposed to prolonged hypoxia and reoxygenated 30 minutes after the onset of rigor. The mean changes in SBFI fluorescence ratio for five cells studied in control buffer and exposed to hypoxia and reoxygenation are demonstrated in Figure 5 . These cells were superfused with control (144 mM NaCl) buffer (open circles in Figure 5 ). Note that there is a small rise in the fluorescence ratio with the onset of hypoxia. After the onset of rigor, there was a rapid and progressively far greater rise in ratio, consistent with a marked increase in [Na+]i. The initiation of reoxygenation caused a rapid fall in SBFI ratio. Cells studied in 0 Na+ buffer (n=5, solid circles in Figure 5 ) demonstrated only a small early rise in fluorescence ratio after the onset of hypoxia and no further increase after rigor development. The small early increase in the SBFI fluorescence ratio seen was noted in cells studied in 144 mM Na+-and 0 mM Na+-containing buffers.
Since this rise in ratio was seen even in the absence of external sodium, it likely represents a change due to a rise in cell autofluorescence resulting from a change in the redox state of NAD induced by hypoxia. Three cells, not loaded with the probe, were exposed to hypoxia to examine the effects of hypoxia on autofluorescence and demonstrated an early increase in absolute fluorescence of roughly 50-60% of control values at both 350 and 380 nm. These levels were maintained until reoxygenation. Data from two of these cells are displayed in Figure 6 .
Since cells loaded with SBFI have an absolute fluorescence of three to five times those not loaded with probe, the observed increases in cellular autofluorescence 
Indo-1 Fluorescence Ratio During Hypoxia
Changes in [Ca2+ji during and after hypoxia were monitored in parallel experiments with cells loaded with indo-1. No early rise in the indo-1 fluorescence ratio was observed during exposure to hypoxia. This was in agreement with previous observations in this model.10,26 After the onset of rigor contracture, the fluorescence ratio showed a marked progressive increase. During reoxygenation, there was often a brief transient fall in the indo-1 fluorescence ratio followed by a secondary rise. The left panel of Figure 7 is a tracing from a typical indo-1-loaded cell, studied in buffer containing 144 mM Na+ and exposed to hypoxia. The tracing begins just before rigor onset, i.e., before any change in fluorescence ratio has occurred. Typically, cells exposed to a prolonged period of hypoxia after rigor onset experience hypercontracture with reoxygenation. For that reason, it is often impossible to accurately record the indo-1 fluorescence signal after the first 10 minutes of reoxygenation because of loss of the probe across the damaged sarcolemmal membrane.
To test the hypothesis that Na+ loading during hypoxia leads to hypoxic Ca>2 loading, the effect of prolonged hypoxia on indo-1 fluorescence was determined in cells studied in 0 Na+ buffer. The rise in the indo-1 fluorescence ratio seen after rigor was markedly reduced, consistent with the hypothesis that Ca2 entry during hypoxia occurs in exchange for Na+ via Na+-Ca2è xchange. Raw data from a typical cell are displayed in the right panel of Figure 7 . Average data for cells studied in control buffer (n=8) and 0 Na+-containing buffer (n=5) are shown in Figure 8 . At reoxygenation, the indo-1 ratio rose secondarily in both groups of cells. The rise in [Ca2]i seen at reoxygenation in the cells studied in 0 Na+ buffer achieved absolute levels that were significantly less than those for cells studied in control buffer.
To determine whether Nat-Ca2+ exchange can occur after profound energy depletion like that seen during hypoxia and whether it can lead to cellular Ca2+ loading, three cells were exposed to 2 mM cyanide (buffer Na+= 144 mM) to inhibit oxidative phosphorylation and were then switched to a 0 Na+ buffer (with 2 mM KCN) after the onset of ATP-depletion contracture (which occurs when intracellular ATP levels are near zero24). The change in buffer [Na+] would be expected to reverse the normal gradient for Na+ and lead to cellular Ca>2 entry in exchange for Na+. Figure 9 is a tracing from one cell and shows a simultaneous recording of indo-1 fluorescence ratio and cell length. It is clear that the indo-1 ratio rises abruptly when Na+ is removed from the bath, demonstrating active Nat-Ca2 exchange. The slope of this rise was much greater than that seen after rigor in hypoxic experiments, suggesting that Na+-Ca' exchange is not rate limiting under those circumstances. These experiments that involved changing buffer [Na+] from 144 to 0 mM after rigor contracture had developed were performed using cyanide, rather than hypoxia, because this was technically easier than maintaining hypoxia during a buffer change. 
Cell Morphology After Reoxygenation
To assess the importance of Na+-dependent Ca2t loading that occurs during hypoxia on cell recovery at reoxygenation, cells were exposed to hypoxia and reoxygenated 30 minutes after the onset of rigor. Outcome was contrasted in cells studied in control buffer (144 mM NaCI, n=38) and buffers in which Nat was either partially or fully replaced by choline (30 mM NaCl, n=11; 10 mM NaCI, n=12; 0 mM NaCl, n=17). Figure  10 displays the effect of varying buffer [Na+] during and after hypoxia on cellular hypercontracture after reoxygenation. Cells studied in control buffer typically experienced a rapid onset of hypercontracture with the reintroduction of oxygen-containing solution. Cells superfused with Nat-free buffer (0 Na+) were Rigor indicates the onset ofATP-depletion contracture, and 0 Nat represents an abrupt switch to Na+-free buffer (with KCN). Buffer Nat is restored to control levels at 144 mM Nat (with NaCN). ing components of the Na+ current. 25 The rise in SBFI fluorescence ratio observed after the development of rigor contracture was markedly blunted (Figure 11 ) by this substance. This observation suggests that Na+ loading during hypoxia occurs, in part, via voltage-gated Na+ channels. Transsarcolemmal Ca21 influx could occur by a number of routes, including a nonspecific leak, entry via voltage-gated channels, or entry via exchange for Na+i. A nonspecific leak of Ca21 in association with sarcolemmal damage is not believed to occur.1415 Conventional L-type channel blockers have little effect on [Ca2±] during hypoxia10 or at reoxygenation.4 In our own studies with nifedipine,'0 [Ca 2+], rose in rat cardiac myocytes both during hypoxia and at reoxygenation, suggesting that these channels do not participate in cellular Ca21 loading in this model. A number of investigators have suggested that Na+-Ca 2+ exchange can contribute to reperfusion-or reoxygenationinduced Ca 2+ overload. 5,8,9"11,27 In this study, we explored the contribution of Na+-Ca2' exchange to cellular Ca2' loading occurring during hypoxia. To address this question it was essential to monitor dynamic changes in [Na] xtrusion. Further inhibition by the use of a pharmacological agent would not be expected to be beneficial.
Our studies suggest that Na+-Ca2' exchange operates in a reverse mode during hypoxia, exchanging intracellular Na+ for Ca`and leading to cell Ca`loading. That Na+-Ca`exchange could clearly operate in this direction despite profound intracellular ATP depletion was documented by abruptly removing buffer Na+ after the onset of ATP-depletion contracture induced by cyanide. Under these circumstances, the rise in the indo-1 fluorescence ratio was rapid and, in fact, suggested that the Based on our findings, it might be predicted that inhibiting Na+-Ca2+ exchange during and after ischemia or preventing Na+ loading during ischemia would improve postischemic myocardial function. In this study we have not fully elucidated the mechanisms of the rise in Na+ during substrate-free hypoxia. The fact that the major rise occurs after profound ATP depletion would argue that the Na+,K+-ATPase probably operates early to prevent large increases in [Na+]i. After the efflux pathway is inhibited by lack of ATP, unopposed Na' entry could conceivably occur via Na+-H+ exchange or through voltage-gated Na+ channels. Studies examining possible Na+ entry via the Na+-H+ exchanger would be difficult, because the most active pharmacological blockers of this pathway are amiloride derivatives, which suffer from problems that we described earlier. We have found that the rise in [Nat]i seen in hypoxia is nearly prevented by a substance, R 56865, capable of blocking noninactivating components of the Na+ current.25 It may be that Na+ entry occurs during hypoxia in large part through Na+ channels that have persistent or enhanced noninactivating components. Further studies are required to define the mechanism of cellular Na+ entry during hypoxia and to extend these studies to models of ischemia in which the effects of more marked changes in intracellular and extracellular pH on these processes can be examined.
